INTRODUCTION
In Colombia, malaria remains an important public health problem where transmission exhibits unstable, endemic-epidemic patterns with significant variability among different areas. There are 4 malaria transmission areas: the Pacific Coast; the Orinoquia; Amazonian Region; and Urabá, Sinú and Baja Cauca located at North Region Peñ a 2002, Padilla et al. 2011) .
The topography of Guaviare State is lowlands, located in the transition between Orinoquia and Amazonia regions of southeast Colombia (0u329 to 3u099N, 69u479 to 73u479W), and has an area of 42,327 km 2 . Guaviare consists of the capital region where the capital city San José del Guaviare is located, and 3 municipalities: El Retorno, Calamar, and Miraflores (SINCHI 2000) (Fig. 1) . During the present study in 2010, Guaviare reported the highest average annual malaria parasite index (API) in Colombia, with a rate of 58.8/1,000 inhabitants, representing 39.2% of all malaria cases in Colombia. San José del Guaviare reported autochthonous malaria cases of 17.53 API attributed to Plasmodium vivax (Grassi and Feletti), 7.48 API attributed to P. falciparum (Welsh), and 1.8 cases/1,000 inhabitants attributed to a mixture of P. falciparum/P. vivax (SIVIGILA 2011) . In San José del Guaviare municipality, rural and peri-urban malaria transmission is aided by immigration of infected humans from areas with high malaria transmission and enhanced by the proliferation and intensification of the cultivation of illicit crops. Settlement of illegal armed groups and intensive land use contribute to abundant Anopheles breeding sites (Padilla et al. 2011) .
The human population is 64.5% urban and 35.4% rural, and includes indigenous communities such as Sikuaní, Guayaberos, Tucano, Desano, Piratapuyo, and Nukak Makú (SINCHI 1999). About 10 years ago, Guaviare State, and specifically San José del Guaviare, was one of the main cocaine trafficking localities in Colombia, with high rates of forced human displacement, which resulted in a permanent floating human population moving among rural, peri-urban, and urban settlements. Because the rural area of San José de Guaviare is affected by armed conflict, samples were collected based on locality accessibility and confirmation of local security.
In general, in Colombia, Anopheles darlingi Root is considered the primary vector (SEM 1957 , Gonzá lez and Carrejo 2009 , Montoya-Lerma et al. 2011 . However, other species complexes, such as the Albitarsis Complex, have been found naturally infected by human Plasmodium in the Orinoquia region in Colombia (Herrera et al. 1987 , Jiménez et al. 2012 . It is critical to determine if any of these species complexes play a role in local malaria transmission, and can be verified as a local or regional vector (Brochero and Quiñ ones 2008) .
The present study was carried out in the rural area of San José del Guaviare to investigate Anopheles species composition and natural infectivity by human Plasmodium species in 2 localities with high malaria transmission, and to recommend possible prevention strategies, monitoring, and control of malaria.
MATERIALS AND METHODS

Study site
Two localities in the San José del Guaviare Municipality-Agua Bonita (AB) (02u34943.80N, 72u37931.60W) and El Progreso (EP) (02u32917.40N, 72u39931.30W)-were selected for the study. San José del Guaviare is a lowland forest ecoregion (Rubio-Palis and Zimmerman 1997) and is located at 180 m above sea level, with a mean annual precipitation of 2,800 mm (rainy season April to November; dry season December to March), mean temperature up to 26.5uC, and relative humidity .80% (IDEAM 2010).
Mosquito collection and species identification
Collections of adult mosquitoes by humanlanding catches (HLC) (WHO 1975) indoors and outdoors were carried out from 1800 h to 0600 h for 3 consecutive days per month for 8 months. Collectors rotated indoors/outdoors every 2 h to avoid sampling bias. Several isofamilies were reared from females collected by HLC. These females were allowed to feed on mice in the laboratory and 3 days later were induced to oviposit by cutting off 1 wing and hind leg prior to placing them in water containers (Estrada et al. 2003) . Larvae were permitted to hatch from each oviposition and reared individually. Larval and pupal exuviae of link-reared specimens were stored in 75% ethanol prior to slide-mounting, following the protocols in Gonzá lez and Carrejo (2009). Emerged adults were pinned and labeled with the same code as the mother for additional studies (Belkin et al. 1965 ). The protocol for mosquito feeding on mice was reviewed and approved by the National University of Colombia Veterinary and Animal Care Faculty, and the Institutional National Animal Care and Use Committee of the New York State Department of Health, protocol No. 11-420. Taxonomic identification was conducted using morphological features in Gonzá lez and Carrejo (2009). Molecular taxonomic identification, based on the barcode region (Folmer et al. 1994; Ruiz et al. 2010 Ruiz et al. , 2012 , confirmed species in the Albitarsis Complex. Genomic DNA was obtained from the abdomen of each specimen (Zapata et al. 2007 , Cienfuegos et al. 2008 ) using DNAeasy tissue kits (Qiagen, Valencia, CA). 
Natural infectivity status
To determine the natural infectivity by P. falciparum and P. vivax (VK210 and VK247), all mosquitoes collected in both localities were pooled (5 mosquitoes/pool) based on time, date, month, and species, and analyzed by enzymelinked immunosorbent assays (ELISA) (Wirtz et al. 1987a (Wirtz et al. , 1987b (Wirtz et al. , 1991 (Wirtz et al. , 1992 .
Data analysis
The human-biting rate (HBR) was expressed as the number of bites per person per night (b/p/n) for the total sampling period, which corresponded to 576 h (288 indoor/288 outdoor) (WHO 2008) . The sporozoite rate was estimated as a percentage of CS-Plasmodium positive for mosquitoes per species divided by the total number of mosquitoes used by species. Infection rates were estimated using the mean absorbance value of negative controls plus 3 SD, with a fixed cutoff value that allowed for 20% variation in negative control absorbance values (Beier et al. 1988 ). The annual entomological inoculation rate (EIR) was determined as the sporozoite rate multiplied by the HBR, i.e., the mean number of female anopheline mosquitoes caught per night multiplied by 365 days (Parker et al. 2013 ).
Ethical considerations
Collection of wild adult mosquitoes by HLC was conducted under an informed consent agreement using a protocol and collection procedures that were reviewed and approved by the Ethics Committee of the Faculty of Medicine of the National University of Colombia and by the Institutional Review Board of the New York State Department of Health, protocol No. 02-028. No additional ethical clearance was necessary.
RESULTS
Species composition
From both localities (AB and EP) a total of 1,009 Anopheles mosquitoes were collected over an 8-month period, based on 288 h for each of the indoor and outdoor samplings. Six Anopheles (Nyssorhynchus) species were identified (Table 1) . Anopheles darlingi occurred throughout the year and was the most abundant species (83.2%, n 5 840) of the total identified. Anopheles albitarsis (Lynch-Arribá lzaga) s.l. accounted for 8.6% (n 5 87), followed by An. braziliensis (Chagas) at 3.8% (n 5 39), An. oswaldoi (Peryassu) s.l. (n 5 10), An. rangeli (Gabaldó n, Cova García, and Ló pez) (n 5 4); the latter 3 species combined accounted for ,2% of the total. A subsample (n 5 15) of specimens morphologically identified as An. albitarsis s.l. was confirmed as An. albitarsis F (n 5 5), using molecular markers (Brochero et al. 2007 , Ruiz et al. 2012 .
Biting activity and human biting rate
All species collected displayed biting activity both indoors and outdoors. Anopheles darlingi had 2 indoor peaks of 1900-2100 h and 0000-0100 h, and the greatest overall HBR (5.2 b/p/n). For this species, the average biting rate was 6 b/p/n with values ranging from 1-20.6 indoors and 1.7-72.6 outdoors. Anopheles albitarsis s.l. was caught mainly outdoors from 1800-1900 h. The HBR was 1.1 b/p/n with an average of 1 b/p/n, ranging from 1-3.2 b/p/n indoors and 1.0-6.3 b/p/n outdoors.
We analyzed the patterns of biting activity of An. darlingi and An. albitarsis s.l. according to human activities when people were likely exposed to biting: the 1st period (P1) between 1800-2200 h, the 2nd period (P2) between 2200-0300 h, and the 3rd period (P3) between 0300-0600 h (Figs. 2 and 3) , where each concentric circle represented the month sampled, starting with February as the innermost circle and December as the outermost. For all patterns, the percentage of relative biting contribution per species was expressed as frequency of HBR per species for the total sampled.
Natural infectivity status
Anopheles darling from AB was naturally infected with P. vivax VK 210, representing an infection rate of 0.119% (1/840). The infected specimen was caught indoors between 1200 and 0100 h. No specimens were ELISA-positive for P. falciparum. The annual EIR was 2.6 infective bites/person/year (b/p/y) (6 3 0.00119 3 365).
DISCUSSION
Malaria transmission in San José del Guaviare is mainly caused by P. vivax (API 5 17.53 in 2010), and An. darlingi was found naturally infected by P. vivax VK-210. Similarly to other localities in Brazil and the southeastern Amazon, this species exhibited biting activity both indoors and outdoors throughout the night, with a biting peak at sunset (P1), a gradual decrease in biting activity until midnight, and a 2nd peak at 0300 h and 0400 h (P3), consistent with local human activities (Charlwood 1996 , Da Silva-Vasconcelos et al. 2002 , Voorham 2002 . In general, in San José del Guaviare, the risk of contracting malaria is likely highest before 2200 h, when vectors are most active (Voorham 2002 , Jiménez et al. 2012 , Ahumada et al. 2013 ). However, in agreement with Charlwood's (1996) observation that gravid females bite after midnight, in the present study, An. darlingi collected between 1200 and 0100 h was infected by P. vivax. Malaria control in San José del Guaviare should consider multiple strategies; for example, long-lasting insecticidal nets to reduce human-vector contact when people are most exposed and unprotected, and the use of repellants or other alternative controls around sunset, when the HBR is high and the human population is active.
According to the EIR, in San José del Guaviare 1 person could be exposed to 2.6 infective bites for An. darlingi per year, similar to results in the Orinoquia and Amazonian regions in Colombia, as well as in Venezuela and Brazil (Soares et al. 2003 , Magris et al. 2007 , Girod et al. 2008 , Jiménez et al. 2012 , Ahumada et al. 2013 . In forested areas in Peru, the EIR for An. darling was 0.1 infective b/p/y, whereas in more deforested areas (e.g., grass, croplands), the EIR corresponded to 38 infective b/p/y (Vittor et al. 2006) . A new study investigating riverine sites frequented by occupational laborers north of Iquitos, Peru, detected up to 5.3 infective b/p/n for An. darlingi (Parker et al. 2013) . Economic activities in San José del Guaviare related to the establishment of fishponds and pastures for livestock generate deforestation in rural areas that is conducive to an increase in Anopheles breeding sites, reduced refuge niches for vectors, and, ultimately promote malaria outbreaks (Padilla et al. 2011) .
Historically, entomological studies have reported An. darlingi and An. albitarsis s.l. in sympatry in the Orinoquia and Amazonia regions in Colombia (Gonzá lez and Carrejo 2009 , Jimé-nez et al. 2012 , Ruiz et al. 2012 . Several members of the Albitarsis Complex have been involved in malaria transmission (Conn et al. 2002 , Povoa et al. 2006 , Jiménez et al. 2012 , Ruiz et al. 2012 . In San José del Guaviare, An. albitarsis s.l. was much less abundant than An. darlingi, exhibiting a biting activity both indoors and outdoors, with a peak at sunset (P1) between 1800-2000 h (Fig. 3) and a HBR of 2 b/p/n. None of the Albitarsis Complex specimens, nor the An. albitarsis F identified (n 5 5) were infected with Plasmodium and the importance of this species in malaria epidemiology is unknown (Ruiz et al. 2012) .
Anopheles braziliensis has been traditionally considered zoophilic (Faran and Linthicum 1981) and it is not often reported naturally infected with Plasmodium (but see Da Silva-Vasconcelos et al. 2002 , Martins-Campo et al. 2012 . In the present study, An. braziliensis was less abundant but showed anthropophilic behavior and was active outdoors, mainly between 1900-2100 h. Anopheles oswaldoi s.l. and An. rangeli were both collected outdoors between 2000-2200 h (P1). These species were not found infected and, because of low abundance in this study, it was not possible to determine their biting patterns. Seven species reported for San José del Guaviare previously-An. apicimacula Dyar and Knab, An. forattinni Wilkeron and Sallum/An. costai Fonseca and Ramos, An. mattogrossensis Lutz and Neiva, An. neomaculipalpus Curry, An. pseudopuctipennis Theobald, An. punctimacula Dyar and Knab, and An. triannulatus Neiva and Pinto (Gonzá lez and Carrejo 2009)-were not detected. The reduced diversity of Anopheles species in these 2 sites compared with previous reports may have resulted from 1) differences in the sites and seasonality sampled, 2) discontinuous collections and number of collections, and 3) local changes in ecological conditions and human activities (Conn et al. 2002 , Yasuoka and Levins 2007 , Dantur et al. 2009 ).
According to the distribution of malaria cases during 2010 in San José del Guaviare, it was not possible to establish any association between the abundance of adult Anopheles species and monthly incidence of malaria; several studies have shown the infection rate for Colombian Anopheles species to be low, but still adequate to maintain malaria transmission in endemic areas (Lanelli et al. 1998 , Tadei et al. 1998 , Conn et al. 2002 , WHO 2008 . Despite the relatively low capture rates, our study incriminated An. darlingi as the most likely principal malaria vector in this municipality.
Vector control measures are conducted by Department of Health Authorities in endemic rural and urban municipalities of Guaviare. Administrative, social, and technical difficulties reduce the effectiveness of malaria programs to control malaria transmission (I. P. Jiménez, unpublished observations). These include: sociocultural characteristics of the indigenous and rural populations that contribute to floating communities moving back and forth from high malaria transmission areas to urban areas; very difficult road access; inadequate housing and limited access to public services and health care; unlimited breeding sites of An. darlingi from flooded rivers during the rainy season (April to November); and environmental degradation from slashand-burn agriculture and livestock, resulting in drastic changes in the ecosystem.
In conclusion, malaria control strategies in San José del Guaviare should be multifaceted and consider social, environmental, technical, and administrative issues through strengthening of epidemiological, clinical, and entomological surveillance. Some possible prevention and control strategies include: 1) accurate diagnosis and adequate treatment for patients; 2) evaluation of response to treatment to detect drug resistance; 3) surveillance of asymptomatic people arriving from high transmission zones to peri-urban and urban areas; 4) strengthening of epidemiological notification; 5) improved entomological surveillance to determine, monitor, and evaluate peak anopheline biting activities for variation and plasticity of seasonal and temporal change, particularly in relation to ecosystem transformations that can dramatically increase malaria transmission (Vittor et al. 2006 , Gil et al. 2007 , Moreno et al. 2007 ).
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